Abstract. Field observations, including hydrographic, microwave imaging radar, and HF radar measurements, reveal the evolution of a complicated frontal interaction between three water masses on the continental shelf near Cape Hatteras, North Carolina, during a period of incursion of water from the Gulf Stream. The water masses were found to be separated by intersecting frontal lines configured in a manner analogous to an occluded atmospheric front. The densest water lay between inshore and offshore fronts that gradually merged or occluded in the generally downstream direction, leaving a single surface front. The overall frontal structure appeared as a distinct Y-shaped feature in the radar imagery, similar to historical imagery of the study area. The interpretation of the observations is aided by the use of a two-dimensional numerical model. The model is initialized with two fronts idealized from the ocean measurements. The model fronts quickly sharpen and begin to move together, eventually occluding into a single surface front. As a result of the occlusion, the water mass having intermediate density subducts and intrudes under the most buoyant water, carrying with it strong horizontal and vertical shears, and a frontal band of diverging currents is created in the densest water mass. The model thus suggests that in the ocean there will be an increase in hydrographic and velocity fine structure downstream of the frontal occlusion point.
Introduction
This paper is an investigation of a complicated frontal struc- Figure 5 ] and so are not uncommon on this part of the shelf. We propose that features like these represent intersecting ocean fronts, which become visible in the imagery through the refraction and steepening of surface waves by across-front current convergence and shear. A "Y" forms because the relatively buoyant water behind one front will always overwash the water ahead of it, erasing that part of the frontal expression from the surface. As illustrated in Figure 3 , we may think of such a configuration as analogous to an atmospheric occluded front.
The present paper explores the above hypothesis through a case study of measurements made on June 22, 1993. Data were collected from a research ship, an aircraft, and a shore-based HF radar capable of measuring the near-surface current. The instruments used are described in section 2. Observations are described in section 3 and summarized in section 3.5. The 
Instrumentation

Shipboard Measurements
Currents were measured with a 600-kHz broadband acoustic Doppler current profiler (ADCP). The ADCP was towed from the starboard side of the USNS Bartlett, being held outside the ship's wake by a surface float arranged to produce an outboard thrust [Marmorino and Trump, 1996] . The acoustic ping rate was 63 per min, the depth resolution (vertical bin size) was 0.52 m, and the shallowest measurement depth was 1.7 m (i.e., middepth of the first bin). Data were processed into 20-s averages. As the ship's speed was about 3 m/s, these correspond to 60-m averages; however, additional horizontal smoothing was used in plotting the data, so that the effective resolution is of the order of 100 m.
Hydrographic measurements were made at 0.75-m depth with a conductivity-temperature-depth (CTD) probe attached beneath the ADCP (and also averaged to 20-s values) and with a separate CTD towed astern of the ship and either winched vertically or held at a fixed depth (typically 5 m). An additional set of hydrographic measurements was made from a vertical array of sensors towed off to the side of the ship in undisturbed water [e.g., Marmorino and Trump, 1994 ]. This provided continuous conductivity and temperature data at four depths in the range of 1-6 m and complemented the profiling CTD data which are contaminated in upper 5 m by the ship's wake. Hydrographic profiles were synthesized by combining the tow-yo data with corresponding fixed-depth data averaged over the tow-yo sampling periods.
Winds measured aboard ship were about 7 m/s from 250øT over the sample period. There was a 1-m-high swell from 200øT. All measurements are reported in local (Eastern Daylight) time (LT).
Imaging Radar Measurements
Radar images of the sea surface were obtained every 2 min through an interface to the ship's X-band navigational radar. The recorded data have a range of 1.67 km, somewhat less than the original ship's plan position indicator (PPI) display. The radar signals were HH polarized (i.e., horizontally transmitted and received). Grazing angles decreased from about 7 ø to 1 ø with distance from the ship. The spatial resolution of the measurements is 6 m in the range direction and 0.6 ø in the azimuthal direction, giving a pixel size of 6 by 9 m at a midrange distance of 835 m. The data have been corrected for antenna pattern and are presented as relative radar cross-section values. Further details are given by Trizna [1997] .
Measurements at X-band (HH) were also made from a Naval Research Laboratory P3 research aircraft. Details of the airborne system are given byAskari et al. [1996] . The measurements shown in this paper correspond to grazing angles of 12-13 ø and have a sea-surface spatial resolution of about 10 m in the range direction. Heavy rain and overcast conditions in the morning delayed takeoff, resulting in coincident sampling with the ship only in the afternoon. In addition to the frontal characteristics described above, we noted at sea that there were accumulations of the eel grass Zostera marina along the inshore front, providing further evidence of surface convergence. In addition, examination of the ADCP acoustic backscatter intensity levels showed clear variations from one water mass to another, and visual observation at sea showed that each water mass had a distinct color.
Subsequent Frontal Planform
Over the next 2 hours the ship steamed southwestward (Figure 1) , either criss-crossing the inshore front or sailing parallel to it while measurements were made with a prototype sidelooking Doppler radar [Allan et al., 1998 ]. After reversing course, the ship encountered at about 1320 LT the same Yshaped frontal structure as found earlier but displaced to the southwest. The frontal structure is revealed again in the ship's radar imagery ( (Figure 9b) , a region of stronger north-northeastward flow appears in the southeast part of the shelf, and this creates a frontal region having strong convergence and shear. Over time, the intruding flow strengthens and moves progressively farther inshore (Figures 9c-9f Figure 11 shows that the shear front moves inshore and merges with the convergence front. This accounts for the change in position of the occlusion point from point "jl" (Figure 4) to point "j2" (Figure 7 ), a translation of 4.7 km to the southwest (Figure 10 ). Over the 5-hour period subsequent to that shown in Figure 11 , the merged front weakens while moving another 2 km shoreward.
Summary
The measurements have shown that, as hypothesized in the introduction, a Y-shaped feature detected in X-band radar imagery corresponds to three intersecting oceanographic 
Simulation of the Occlusion Process
Gaps in the observations prevent a complete description of the frontal evolution and of the water column structure. This is because the observations are predominantly from either remote sensing of the sea surface or near-surface observations and because of limited sampling across the fronts. For example, there were no CTD measurements made across the front downstream of the occlusion point; also, because the ship did not make time series measurements along a fixed transect, there are no systematic observations available of the actual occlusion process. In this section, a hydrodynamic model is used to help fill these gaps, thereby presenting a more complete description and one which may stimulate future observations.
Model Physics
The model simulates the fully nonlinear dynamics in a 10-km-wide across-front (x-z) section, over a flat, 30-m-deep bottom on a rotating Earth (f-plane approximation). Flow perpendicular to the section, i.e., in the y direction parallel to the front, is allowed, but it is assumed that y derivatives are zero. The governing equations are the vorticity equation for motion in the x-z plane, the momentum equation for flow in the y direction, and the density evolution equation. Under incompressibility and the Boussinesq approximation, these equations are as follows. The above set of equations is solved numerically using a pseudospectral procedure described in detail by Mied et al. [1996] . Briefly, the sea surface is assumed to be flat and rigid, as well as impermeable to momentum and density fluxes, i.e., (Figure 13) shows that the inshore front moves rapidly offshore at a steady state speed of about 27 cm/s. This value can be compared with the propagation speed of an inviscid gravity current as given by [Benjamin, 1968] 
Vorticity
c = {(2H-h)(H-h)/[H(H + h)]}•/a[#(Ap/p)h] •/:
shear instability, fluid overturning, and turbulence; in these places the simulated spatial gradients may be too large. The sensitivity of the results was explored by making a separate model run using eddy coefficient values half as large. This showed fundamentally identical evolution of the frontal struc-0200 ture. Therefore the precise choice of diffusivity is not critical for study of the occlusion process. In the case of the offshore front, a counterclockwise-rotating circulation cell has been created in the x-z plane (Figure 12b An interaction between the clockwise-rotating cell (x > 5.7 km) and the counterrotating cell (x < 5.7 km) produces a region of surface divergence and a region of convergence along the bottom boundary. This interaction appears as a vertically aligned perturbation in the v velocity field (Figure 12b ). This is because the influence of the Coriolis force is weak during the early evolution of the flow, and so the v momentum equation is essentially an advection-diffusion equation. As the field sampling was focused very near the surface fronts, the present data set is inadequate to address these additional features in the model results.
4.4.
The Occluded Front
The propagating offshore and inshore fronts eventually come into contact at t • 1.65 hours (Figure 13) Figures 12c-12e ) is a consequence of mass conservation, i.e., transport of 1o2 toward the front by the buoyancy flow being larger than that removed by downwelling and subduction. In the ocean, the depth of the interface is a readily observable quantity. However, the present result shows that the depth of the interface alone may not be a reliable indicator of the subduction rate, which is also influenced by downwelling..
Another consequence of the occlusion is the formation of a bottom lens of the dense P3 water. This lens spreads both onshore and offshore. The dividing point of these two opposing flows appears to be determined by the surface frontal position. This can be seen in the stream function plots (Figures  12d-12f) ]. Certainly, additional ocean frontal measurements are to be encouraged. The simulation shows that the fronts converge over time and eventually collide, leaving a single surface front between the original inshore water mass (of density p•) and the intermediate-density water mass (P2 > Pl). The P2 water downwells strongly at this new front and then advects shoreward, wedging itself between the inshore surface water and the densest /93 water, which has become trapped in a bottom lens. As a consequence of mass transport of the subducted water and the continued propagation of the surface front, currents in the/93 lens reverse direction beneath the surface front. The converging in time of the modeled inshore and offshore fronts is qualitatively similar to the observed closing together of the oceanic convergence and shear fronts along a fixed across-shelf axis (e.g., Figure 11 ). As the model assumes no variation in the along-front (downstream) direction, it cannot reproduce exactly the Y-shaped structure observed in the ocean, which is presumably a consequence of the original two fronts not being parallel. However, one can take the evolution of the model fronts as being analogous to successive spatial sections made in the downstream direction in the ocean. Hence we may interpret the model results subsequent to collision as representative of ocean conditions downstream of the occlusion point, and therefore we expect to see in the ocean an increase in hydrographic and velocity fine structure in the water column. Such fine structure will result in an increase of the spatial variability of sound speed and so lead to anomalous propagation characteristics and an increase in acoustic scattering. It would be interesting to conduct an experiment to test this prediction.
